ABSTRACT
7 frames per second. The wrist motions were captured by a motion analysis system (Vicon 1 370 version 2.6, Vicon Motion Systems Ltd., Oxford, UK) through four synchronized 2 infrared cameras (with a sampling rate of 120 Hz) which detected lightweight, spherical 3 (4mm diameter) reflective markers. Two modified computer mice connected with a single 4 switch were used to initiate simultaneous data acquisition from both the PCTV and Vicon 5 systems. The block diagram of the experimental setup is shown in Figure 1 . A camera 6 tripod was modified to hold the ultrasound probe in a desired orientation and location above 7 the forearm to be tested. The time delay between the two data collection system was 8 calibrated using a method similar to that described in the development of a 3D ultrasound 9 imaging [44] . A reflective marker was attached on the ultrasound probe. When the probe 10 was moved cyclically up and down inside a water tank, its displacement was detected from 11 both the acquired ultrasound images and the Vicon motion data. The time delay between 12 the data set was then calculated using a cross-correlation algorithm as follow: to the maximum R xy represents the shift required to make the two sequences overlap with 19 each other. Knowing the sampling rate of the sequence, the time delay can then be 20 calculated from the shift. 21
Experiment on Normal Subjects 1
Six healthy volunteers with ages ranging from 22 to 28 years old were recruited in this 2 study. Their dominant hands were selected for the investigation. The subjects were seated 3 in a comfortable chair with their forearms under study rest on the table and centered in the 4 calibrated 3D space. They were asked to perform wrist extension and flexion repeatedly, 5 guided by the audio beat of a metronome (30 beats per minutes). The wrist movements and 6 the ultrasound images of the muscle were recorded simultaneously. Three separate trials 7 were assigned to each subject with a rest of approximately 2 min between two adjacent 8 trials. The subject was asked to perform three cycles of wrist flexion-extension in each trial. 9
Reflective markers were stacked at the 3 rd metacarpal head, medial and lateral styloid 10 processes, and 2/5 of the forearm length between the radius and ulna (Figure 2) . The 11 cameras emitted infrared beams and sensed the reflection from the markers. Their motions 12
were then captured and the corresponding 3D coordinations were recorded. The motion 13 data were then extracted with the software provided with the Vicon motion analysis system 14 and exported for further analysis in Excel (Microsoft, US). 
where x(i,j) and y(i,j) are the pixels in the selected image blocks of two continuous frames. I 2 and J represent the 2D dimension of the selected image block in pixel; X and Y are the 3 means of x(i,j) and y(i,j), respectively. By changing m and n, one image block can be 4 shifted in 2D in relation to the other and the cross-correlation coefficients R xy for each m 5 and n can be calculated. The m and n corresponding to the maximum R xy represent the 2D 6 shifts required to make the two image blocks overlap with each other. Knowing the distance 7 between two adjacent pixels, the displacement of the selected image in 2D can then be 8 calculated from the pixel shift. The net displacement between the centres of the two blocks, 9 which represented the muscle deformation, was then calculated for each frame of the 10 ultrasound images. 11 12
Experiment on the Amputee Subject 13
In this feasibility study, three amputee subjects were recruited to validate that the 14 experimental protocol could be extended to limb-deficient individuals. The residual limbs 15
should have no substantial scar tissue that may provoke the co-contraction of muscles. As 16 shown in the demographic information (Table 1) , one subject was using a powered 17 prosthesis with myoelectrical control and the other two using body-powered prostheses. 18
The subject was seated on a comfortable chair with his residual limb placed on the table,  19 and asked to intend extending his phantom wrist guided by the audio beats from a 20 metronome (30 beats per minute). Meanwhile, the ultrasound images of the residual limb 21 were recorded over the extensor muscle group using the ultrasound probe ( Figure 5 ). Three 1 separated trials were performed by the amputee subject with a rest of approximately 2 min 2 between two adjacent trials. The subject was asked to perform three cycles of wrist flexion-3 extension in each trial. 4 5
Results 6

3.1.Results of normal subjects 7
Totally fifty-four data sets were successfully obtained for the six normal subjects. Four 8 parameters were derived from each data set including: the range of motion of the wrist joint, 9 the initial muscle thickness, the maximum muscle deformation, and the ratio of the wrist 10 extension angle and the percentage muscle deformation. According to the measured data, 11 the cycle duration was 2.6 ± 0.3 seconds (ranging from 2.0 to 3.0 seconds), which was 12 slightly longer than the intended duration (2.0 seconds) possibly due to the response time 13 required. The variation might be due to the difference in subjects' reaction to the audio beat 14 that guided them to perform the wrist flexion-extension. The initial muscle thickness was 15 17.9 ± 0.8 mm (ranging from 15.3 to 22.3 mm). The maximum muscle deformation was 16
14.3 ± 6.0% (ranging from 4.2% to 15.5 %). The maximum range of motion of the wrist 17 flexion-extension was 44.2° ± 6.2° (ranging from 34.9° to 50.9°). The relationship between the wrist flexion-extension angle and the corresponding muscle 4 deformation was further studied using their ratio, i.e. the slopes of the linear regression 5 between the wrist flexion-extension angles and the percentage muscle deformations ( Figure  6 7). Results of all the subjects showed similar trends and the overall mean R 2 value for the 7 linear regression was 0.875 ± 0.042. Figure 8 shows the ratio between the wrist extension 8 angle and the percentage muscle deformation for the six subjects. The overall mean value 9 of the angle-deformation ratio was 7.2 ± 3.7 deg/% (ranged from 1.2 ± 0.2 to 12.4 ± 3.2 10 deg/%). A two-factor ANOVA demonstrated that the ratios were significantly (p=0.0003) 11 different among the subjects but not (p=0.2) among the three repeated tests for each subject. 12
The intraclass correlation coefficient (ICC) for the three repeated tests was 0.868, which 13 was calculated using SPSS (SPSS Inc., Chicago, IL, USA). 14 15
Preliminary Results of the Amputee 16
A typical ultrasound image obtained from the residual forearm of the amputee subject is 17 shown in Figure 9a . It was found that the muscle regions and their boundaries could be 18 identified on the image, though they were less clear in comparison with those of the normal 19 subjects as shown in Figure 4 . When the residual muscle was contracted, its dimensional 20 change could be clearly observed. In this study, we introduced a new signal related to the morphological change of the muscle 10 during its contraction. This signal, named as sonomyography or SMG, was extracted from 11 the real-time ultrasound images and could be potentially used for the control of powered 12 prosthesis and the dynamic assessment of musculoskeletal functions. It has been proposed 13 that using control signals based on the hand and finger actuators that remained intact in the 14 residual limb would require less conscious effort in the prosthesis control [24] . These 15 actuator tissues include the extrinsic muscles and tendons controlling the flexion-extension 16 of the wrist and metacarpophalangeal joints. The dimensional change of these tissues is 17 originally correlated to the motion of the related joint. Therefore, the signal related to this 18 dimensional change can be used to control the terminal devices being used by the amputee. 19
The use of this kind of control signal would encourage the amputee subject to control the 20 prosthesis without the conscious efforts so that it may benefit the users with functional 21
improvements. 22
The present study demonstrated that there was a good linear relationship between the wrist 1 extension angle and the corresponding extensor in the normal adult young subjects (n=6), 2 so a relatively simple control algorithm could be used. Whether such a linear relationship 3 also exists for other joints and their corresponding muscles requires further experimental 4 support. Since amputee subjects can feel the contraction level of their residual muscles, 5 which in turn is related to the wrist extension, they may be able to partially sense without 6 consciousness the open-close level or other status of the powered prosthesis if it is 7 controlled by SMG proportionally. Such a feature is difficult to achieve using the currently 8 available EMG control approach. The preliminary results obtained from three amputee 9
subjects in the present study demonstrated that the SMG signal could be successfully 10 obtained from the residual forearm muscles and the SMG magnitude was in a similar range 11 as those collected from the normal subjects. One amputee subject was using a powered 12 prosthesis with myoelectrical control and the other two using body-powered prostheses. It 13 was generally believed that the atrophy of the residual muscles of the powered prosthesis 14 user should be less serious in comparison with those using body-powered prosthesis. It 15 appeared in this study that the subject using powered prosthesis did not demonstrate a 16 stronger SMG signal. The general impression was that a shorter residual limb could 17 produce a larger muscle deformation (we asked all subjects to reach the maximum 18 contraction) but longer one could generate more stable SMG signals and the subject felt that 19 The results of the normal subjects demonstrated that the ratios between the wrist angle and 6 the percentage deformation obtained using linear regressions were significantly different 7 among the 6 subjects (overall mean 7.2 ± 3.7 deg/%). The result of one subject was 8 dramatically smaller than those of the other subjects. The ratio of this subject (1.2 deg/%) 9 was about 10 times less than the maximum value (12.4 deg/%). It could be visually 10 observed from the dynamic ultrasound images that the muscle of this subject deformed very 11 obviously during the wrist extension. In addition, this subject had the smallest muscle 12 thickness (15.2 mm) among all the normal subjects. The exact reason for this special case 13 was beyond the main topic of this study and thus has not been further investigated. 14 Experiments on more subjects with different age, gender, and physical conditions are 15 required to better understand the main factors which determine the ratio between the joint 16 angle and the muscle deformation. In the present study, a portable ultrasound scanner was used to collect the cross-sectional 8 images (B-mode ultrasound, i.e. brightness mode) of the forearm tissues. It is useful for the 9 dynamic assessment of limb tissues using the extracted SMG signals. However, it is not 10 feasible to use it for the control purpose, as the system is too expensive and the ultrasound 11 probe is too large. We have demonstrated that SMG signals could also be obtained using a 12 single element ultrasound transducer and single channel pulse/receiver to obtain one 13 dimensional ultrasound signal (A-mode ultrasound, i.e. amplitude mode). The results will 14 be reported elsewhere. Such a system can be much cheaper and may potentially be installed 15 into the powered prosthesis. Since only one A-mode ultrasound signal could be collected, 16 the obtained SMG signal was sensitive to the location of the ultrasound transducer. To 17 solve this problem, multiple channels of single element transducers have been proposed. 18
Nevertheless, the present study using a B-mode ultrasound scanner allowed us to 19 demonstrate the feasibility to obtain SMG signals from the limb tissues. During the study, 20
we also noted that other factors could also affect the collection of the SMG signals, which 21 are discussed as follow. 22
23
In the current experiments, only the wrist extension was performed and other joints were 24 kept stable. However, different joints may move together in the real situation. It is expected 1 that the SMG signal collected from the forearm tissues might also be affected by the motion 2 or position of the elbow and other joints. Further studies should be followed up to clarify 3 this issue and to study how to reduce the "cross-talk" of the SMG signals among different 4 joints. Multiple channels of SMG can be collected from the muscle groups controlling the 5 corresponding joints so that proper signal processing methods including artificial neural 6 networks [5] [6] [7] [8] , can be applied to differentiate different types of movements of the joints. In 7 addition, the SMG of the forearm tissues was collected without any load applied on the 8 wrist. In the real situation, the hand may hold some weights during the wrist extension. It 9 has already been demonstrated that the muscle dimension may change during the isometric 10 contraction. Therefore, the SMG signal might be affected when the hand holds certain 11 weights. The factor might be neglected in the case of residual limbs, as no load could be 12 applied on the wrist extensor muscles. However, it should be considered that the residual 13 limb might be compressed by the wall of the prosthesis socket. We found that the amplitude 14 of the SMG signal would be reduced if the tissues were compressed by the ultrasound probe. the pennation angle is related to the cross-sectional area of the muscle, which in turn is 9 related to the muscle thickness. The change of the muscle thickness is defined as 10 sonomyography, i.e. SMG, in the present study. It should be a research direction to model 11 the relationship between SMG and the muscle force as well as SMG and the range of 12 motion controlled by this muscle. Furthermore, the dynamic change of the pennation angle 13 or muscle cross-sectional area can also be directly obtained from the ultrasound images by 14 improving the ultrasound technique proposed in this study. Therefore, we can have 15 pennation angle SMG or cross-sectional area SMG in addition to muscle deformation SMG. 16
All these indicate that SMG with further investigations may have good potentials for the 17 musculoskeletal assessment besides the control purpose as demonstrated in this study. 18
19
In spite of the above factors that need to be further investigated, the present study has 20 already demonstrated that the SMG signal could be reliably collected from the forearm 21 muscles of six normal subjects and three amputee subjects. It was also found that there was 22 a good linear relationship between the wrist extension angle and the percentage deformation 23 of the extensor muscle. The magnitude of the SMG signal collected from the residual limbs 24 of the amputee subjects were at a similar level to those of the normal subjects. Our 1 preliminary results demonstrated that the SMG signal could be potentially used for the 2 control of prosthesis or other purposes currently involving the EMG signal. Further studies 3
are definitely required to demonstrate the real potentials of this new signal, which is related 4 to the morphological change of the musculoskeletal tissues during contraction. We also 5 expect that the SMG signal might be used together with the EMG signal to provide more 6 comprehensive information for the musculoskeletal assessment and control. The correlation 7 between the SMG and EMG signals should be established with further experiments. (subject #1). The metronome was used to guide the subject to contract and relax the residual 23 muscle. Ultrasound coupling gel was applied between the ultrasound probe and the skin 24 surface to couple the ultrasound signal into the tissue. 25 
